Accumulation of Cd in rice grain is a serious concern of food safety since rice as a staple food is a major source of Cd intake in Asian countries. However, the mechanisms controlling Cd accumulation in rice are still poorly understood. Herein, we report both physiological and genetic analysis of two rice cultivars contrasting in Cd accumulation, which were screened from a core collection of rice cultivars. The cultivar Anjana Dhan ( Indica ) accumulated much higher levels of Cd than Nipponbare ( Japonica ) in the shoots and grains when grown in both soil and solution culture. A short-term uptake experiment (20 min) showed that Cd uptake by Nipponbare was higher than that by Anjana Dhan. However, the concentration of Cd in the shoot and xylem sap was much higher in Anjana Dhan than in Nipponbare. Of the Cd taken up by the roots, <4 % was translocated to the shoots in Nipponbare, compared with 10-25 % in Anjana Dhan, indicating a higher root-to-shoot translocation of Cd in the latter. A quantitative trait locus (QTL) analysis for Cd accumulation was performed using an F 2 population derived from Anjana Dhan and Nipponbare. A QTL with large effect for Cd accumulation was detected on the short arm of chromosome 7, explaining 85.6 % of the phenotypic variance in the shoot Cd concentration of the F 2 population. High accumulation is likely to be controlled by a single recessive gene. A candidate genomic region was defi ned to <1.9 Mb by means of substitution mapping.
Introduction
Accumulation of cadmium (Cd) in rice grain is a serous concern of food safety. Rice is an important staple food, especially for Asian populations, and therefore, a major source of Cd intake (Watanabe et al. 2004 , Cheng et al. 2006 . Cadmium can be accumulated in the human body over time from ingestion of food containing Cd. Excessive intake may result in damage to kidney tubules, rhinitis, emphysema as well as other chronic disorders (McLaughlin et al. 1999 ). The 'Itai-Itai' disease that has occurred in Japan in the past is the result of intake of Cd-containing rice. Therefore, reducing Cd accumulation in rice grain is an important issue for human health. The Codex Alimentarius Commission/World Health Organization with responsibility for the safety of food and human health has set 0.4 mg Cd kg −1 in polished rice grain as the limit (Codex 2006 ) .
One way to reduce Cd risk is to select and breed rice cultivars accumulating low Cd from Cd-contaminated soil, especially on slightly to moderately contaminated soil. There is a large varietal difference in rice grain and shoot Cd concentration. Arao and Ae ( 2003 ) investigated grain Cd concentration in 49 cultivars grown on a Cd-contaminated soil and found a 23-fold difference between cultivars. He et al. ( 2006 ) reported that the Cd concentration in brown rice ranged from 0.06 to 0.99 mg kg −1 in 38 cultivars. Liu et al. ( 2005 ) reported a variation in grain Cd in polished rice from 0.14 to 1.43 mg kg −1 . Recently, Ueno et al. ( 2009 ) investigated genotypic variation in shoot Cd concentration using a rice core collection including 146 accessions, which represent a minimum of repetitiveness and cover most of the range of genetic diversity of rice (Kojima et al. 2005 , Ebana et al. 2008 . They found a 13-fold difference in the shoot Cd concentration between the lowest and highest Cd-accumulating accessions (Ueno et al. 2009 ). In general, Indica cultivars accumulate higher Cd in the shoots and grain than Japonica cultivars, although there are some exceptions (Morishita et al. 1987 , Arao and Ae 2003 , Liu et al. 2005 , He et al. 2006 , Ueno et al. 2009 ). Moreover, there is a strong correlation between Cd accumulation in the shoots and grains (Liu et al. 2005 , He et al. 2006 , Ueno et al. 2009 ). Those varietal differences will be useful resources for further studies to understand the physiological and genetic control of Cd accumulation in rice, and fi nally to clone the responsible genes.
Based on the above varietal screening of Cd accumulation, some rice cultivars accumulating low and high Cd have been physiologically characterized. For example, Ueno et al. ( 2009 ) found that there was no difference in the uptake of Cd by the roots between a high Cd-accumulating cultivar (Badari Dhan) and a low-accumulating cultivar (Shwe War), but the Cd concentrations in shoots and xylem saps were much higher in the former than in the latter cultivar. This fi nding suggests that Badari Dhan has a superior capacity in terms of translocation of Cd from the roots to the shoots. Uraguchi et al. ( 2009b ) performed a similar experiment with different cultivars. By comparing Sasanishiki (low Cd cultivar) and Habataki (high Cd cultivar), they found that Cd uptake by the roots was higher in Sasanishiki than in Habataki, but Cd accumulation in the shoots and grains, and Cd concentration in the xylem sap were higher in the latter. The fi ndings from both studies are consistent in showing that root to shoot translocation is the key step in controlling Cd accumulation in rice shoots.
Recently, several quantitative trait loci (QTLs) for Cd accumulation have been identifi ed using populations derived from low and high Cd cultivars. Ishikawa et al. ( 2005 ) detected three putative QTLs on chromosomes 3, 6 and 8 for Cd concentration in brown rice by using chromosome segment substitution lines derived from Koshihikari and Kasalath (CSSLs). By using a similar approach with Kasalath/ Nipponbare backcross inbred lines (BILs), Kashiwagi et al. ( 2009 ) identifi ed three QTLs for Cd concentration in upper plant parts of rice; two on chromosome 4 and one on chromosome 11. Recently, Xue et al. ( 2009 ) located a QTL for shoot Cd concentration on chromosome 7 using a double haploid population derived from a cross between JX17 and ZYQ8. A major QTL controlling shoot Cd concentration was also detected on chromosome 11 in a population derived from two contrasting rice cultivars: Badari Dhan and Shwe War (Ueno et al. 2009 ). However, genes responsible for these QTLs have not been cloned so far.
In the present study, we physiologically characterized two rice cultivars (Anjana Dhan ( Indica ) and Nipponbare ( Japonica )) contrasting greatly in Cd accumulation in terms of root uptake, shoot accumulation and xylem loading. We found a large difference in the distribution of Cd between the roots and shoots in the two cultivars. Furthermore, we performed a QTL analysis using an F 2 population derived from a cross between Anjana Dhan and Nipponbare. A major QTL for Cd accumulation, explaining > 80 % of the phenotypic variation, was detected on the short arm of chromosome 7. A candidate genomic region for this QTL was defi ned to <1.9 Mb. We discuss the positional candidate genes for this QTL.
Results

Physiological dissection of Cd accumulation and uptake in two contrasting rice cultivars
We selected Anjana Dhan ( Indica ) and Nipponbare ( Japonica ) as high and low Cd-accumulating cultivars, respectively, based on our previous screening of 146 cultivars from a rice core collection (Ueno et al. 2009 ). To confi rm the difference in Cd accumulation between these two cultivars, we conducted experiments both in nutrient solution and in soil with or without Cd amendment. In a solution culture with 50 nM Cd, Anjana Dhan accumulated much higher Cd in the shoots than Nipponbare ( Fig. 1A ) . However, there was no large difference between the two cultivars in other metals including zinc (Zn), manganese (Mn), copper (Cu) and iron (Fe) ( Fig. 1B ) . There was also no difference in the concentrations of macronutrients [potassium (K), calcium (Ca) and magnesium (Mg)] (Supplementary Fig. S1 ). When grown in a fi eld without Cd contamination, the Cd concentrations in the straw, hull and brown rice of Anjana Dhan were, respectively, 28-, 33-and 15-fold higher than those of Nipponbare ( Fig. 1C ). To our knowledge, this is the largest genotypic difference in Cd accumulation reported so far. Cd accumulation of the two cultivars grown in Cdcontaminated soil also showed a large difference, although the Cd concentrations were higher than those from the uncontaminated fi eld ( Fig. 1D ) .
To dissect the mechanism underlying the genotypic difference in Cd accumulation, we performed several physiological experiments. In a time-course experiment, Cd accumulation in the shoots and roots of both cultivars increased with time of exposure to Cd ( Fig. 2A, B ) . However, the accumulation pattern differed between the shoots and roots. In the shoots, there was no difference in Cd concentration at day 1 after Cd exposure between the two cultivars, but Anjana Dhan accumulated more Cd than Nipponbare thereafter and the difference became larger with the exposure time ( P < 0.01; Fig. 2A ). By contrast, in the roots, the Cd concentration in Nipponbare was 4.5-fold higher than that in Anjana Dhan at day 1 after the treatment ( P < 0.01), and reached a plateau at day 3 ( Fig. 2B ) . Depending on the length of Cd exposure, between 10 and 25 % of the total Cd was distributed to the shoots in Anjana Dhan ( Fig. 2C ).
In contrast, <4 % of the total Cd was distributed to the shoot in Nipponbare.
A kinetic study showed that the Cd concentration of both the roots and shoots increased with increasing concentrations of Cd in the external solution in either cultivar ( Fig. 3A, B ), but reached saturation at a concentration of 0.5 µM for the shoots and 1.0 µM for the roots. Irrespective of the Cd concentration in the treatment solution, the Cd concentration in the shoots was higher in Anjana Dhan than in Nipponbare, whereas the opposite was found for the root Cd concentration ( Fig. 3A, B ) . Again, the proportion of Cd distributed to the shoots was signifi cantly ( P < 0.01) higher in Anjana Dhan than in Nipponbare ( Fig. 3C ), being 19.5 % in Anjana Dhan and 1.5 % in Nipponbare at 0.2 µM Cd, and 12.6 and 1.4 % at 1.0 µM Cd.
We also compared the Cd concentration in xylem sap collected from the two cultivars. The concentration in xylem sap was 24-fold higher in Anjana Dhan than in Nipponbare ( Fig. 4 ) . Furthermore, only in Anjana Dhan was the Cd concentration in the xylem sap higher than that in the external solution.
To compare the uptake by the roots at different Cd concentrations, we performed a short-term (20 min) uptake experiment at two temperatures. Although the uptake at 2 ° C was lower than that at 25 ° C in both cultivars, the uptake was higher in Nipponbare than in Anjana Dhan at both temperatures ( Fig. 5A ). The net Cd uptake, calculated by subtracting uptake at 2 ° C from that at 25 ° C, was significantly ( P < 0.01) greater in Nipponbare than in Anjana Dhan ( Fig. 5B ). The value of V max for Nipponbare (40.2 µg g −1 root DW h −1 ) was 2.3-fold greater than that for Anjana Dhan (17.7 µg g −1 root DW h −1 ), while the values of K m were similar between the two cultivars: 0.6 and 1.1 µM for Nipponbare and Anjana Dhan, respectively. These results suggest that Anjana Dhan and Nipponbare have similar affi nity for Cd uptake, but the density of transporters mediating Cd uptake was greater in Nipponbare.
Because the root Cd concentration was higher in Nipponbare than in Anjana Dhan even at 2 ° C, at which temperature the metabolic-dependent uptake of Cd is thought to be negligible, there is a possibility that the root cell wall differs in its binding capacity for Cd between Nipponbare and Anjana Dhan. To investigate this possibility, we compared the amount of Cd bound to the cell wall. After exposure to 50 nM Cd for 24 h, the root cell wall of Nipponbare bound about 1.5-fold more Cd than Anjana Dhan ( Fig. 6A ). The Cd concentration in the root cell sap was also higher in Nipponbare than in Anjana Dhan ( Fig. 6B ).
QTL analysis for Cd accumulation
We constructed an F 2 population derived from a cross between Anjana Dhan and Nipponbare for QTL analysis. To minimize the environmental variation between different pots, the shoot Cd concentrations of the F 2 plants were normalized as a percentage of the Cd concentration of Anjana Dhan, which was planted in each pot. In a total of 177 F 2 lines, the relative Cd accumulation ranged from 10.8 to 138.5 % ( Fig. 7A ). The concentrations of Fe and Zn in the shoots were also determined in the F 2 plants, but there was no signifi cant correlation either between Zn and Cd, or between Fe and Cd ( Supplementary Fig. S2 ). Bimodal distribution for Cd accumulation was observed in the F 2 population ( Fig. 7A ). However, the distribution of Cd accumulation showed a continuous pattern, suggesting that Cd accumulation is controlled quantitatively. Therefore, we performed QTL analysis for Cd accumulation in order to detect all genetic factors (chromosomal regions) involved in a variation of Cd accumulation in F 2 population. Based on the linkage map constructed for the F 2 population ( Supplementary Fig. S3 ), we performed QTL analysis for Cd accumulation. As a result, one QTL with a very large effect on Cd accumulation was detected on the short arm of chromosome 7, near the simple sequence repeat (SSR) marker RM8006 ( Fig. 7A, B , Supplementary Fig. S4 ). The additive effect of the Anjana Dhan allele was 40.0 % and this QTL explained 85.6 % of the phenotypic variance in the F 2 population. No other putative QTL was detected on other chromosomes (Supplementary Fig. S4 ). The F 2 plants homozygous for the 'Anjana Dhan' allele at RM8006 tended to contain higher levels of Cd in the shoots than the heterozygotes and homozygotes for the 'Nipponbare' allele ( Fig. 7A ), suggesting that the high level of Cd accumulation was controlled by a single recessive gene in Anjana Dhan. For further fi ne mapping of the QTL, we focused on the F 2 plants with recombination occurring in the vicinity of the QTL detected. Not all F 2 plants could be used for further defi nition of the candidate region of the QTL. Based on the segregation pattern of relative Cd accumulation in F 2 , F 2 plants exhibiting a high level of accumulation are very likely to be homozygous for the Anjana Dhan allele. Therefore, only F 2 plants with recombination from Anjana Dhan homozygous to heterozygous or Nipponbare homozygous are informative for the mapping of QTL. In F 2 plant 114, recombination occurred at the interval between RM8006 and RM7153. This plant showed quite a high level of Cd accumulation ( Fig. 7C ). Accordingly, it was suggested that the candidate genomic region of the QTL is a region distal from RM7153 on the short arm of chromosome 7. Based on substitution mapping using nine informative F 2 plants, we could defi ne the candidate genomic region of the QTL to <1.9 Mb (defi ned by SSR markers RM21238 and RM7153). According to the RAP2 database ( http://rapdb.dna.affrc.go .jp/citation.html ; Rice Annotation Project 2008), > 116 gene models are predicted in the candidate genome region. Among them, interestingly, there are several candidate genes that may be involved in metal transport, including OsZIP8 (Os07g0232800), OsHMA3 (Os07g0232900) and OsNramp1 (Os07g0258400). 
Discussion
Physiological characteristics of a high Cd-accumulating rice cultivar, Anjana Dhan
Anjana Dhan, an Indica rice cultivar, shows high accumulation of Cd in the shoots and grains when grown in either soil or nutrient solution ( Fig. 1 ). This result confi rms our previous screening result using solution culture with 1 µM Cd (Ueno et al. 2009 ). By comparing it with a low-Cd-accumulating cultivar, Nipponbare, it is clear that the high Cd accumulation in Anjana Dhan is achieved by a higher distribution of Cd to the shoots ( Figs. 2-4 ). Although Cd uptake by the roots was lower in Anjana Dhan than in Nipponbare ( Fig. 4 ), higher Cd in the shoots and xylem sap was found in Anjana Dhan ( Figs. 2 , 3 , 5 ) . By contrast, most Cd taken up by the roots was retained in the roots of Nipponbare ( Figs. 2C , 3C ).
The transfer of Cd from external solution to the xylem is controlled by at least four different steps: binding of Cd to the root cell wall, transport of Cd from external solution to the root cells, sequestration of Cd into the vacuoles and xylem loading (Zhao and McGrath 2009 ) . The cell wall is the major binding site of Cd in roots (Uraguchi et al. 2009a ). Therefore, a high capacity of the cell wall to bind Cd will result in a low distribution of Cd to the shoot. The root cell wall of Anjana Dhan showed lower Cd binding than that of Nipponbare ( Fig. 5A ), which may increase the distribution of Cd to the shoot directly or indirectly. However, the difference in Cd concentration of the shoot and xylem sap is much larger than the difference in cell wall binding ( Figs. 2A ,  3A , 5A ) , indicating that the latter may play only a minor role in high Cd accumulation in Anjana Dhan.
Transport of Cd from the external solution to the root cells is thought to be mediated through transporters, but the transporter for Cd localized at he plasma membrane of rice root cells has not been identifi ed. Several studies reported that some transporters for essential elements such as Fe, Zn and Ca may be involved in Cd uptake (Clemens et al. 1998 , Perfus-Barbeoch et al. 2002 , Ramesh et al. 2003 , Nakanishi et al. 2006 , Lee and An 2009 . For example, the rice Zn transporter OsZIP1, and the Fe transporters OsIRT1 and OsIRT2 have Cd-transporting activity when expressed in yeast (Ramesh et al. 2003 , Nakanishi et al. 2006 ). However, there was no difference in the concentration of Zn, Mn, Cu and Fe between Anjana Dhan and Nipponbare ( Fig. 1B ) . Moreover, there was also no correlation between Cd and Zn, Cd or Fe in the F 2 population (Supplementary Fig. S2 ). Therefore, it is unlikely that the difference in Cd accumulation is due to the transporters involved in the uptake of these essential elements. Furthermore, Nipponbare showed a greater V max for short-term Cd uptake compared with Anjana Dhan ( Fig. 5B ), indicating that Cd uptake by the roots is not responsible for the high Cd accumulation in Anjana Dhan.
Some of the Cd ions taken up into the root cells may be sequestered in the vacuoles. Cd is sequestered into the root vacuoles via an ABC-type transporter in the form of Cd-phytochelatin complexes (Salt and Rauser 1995 ) , or in the free ionic form via cation exchangers (Hirschi et al. 2000 , Korenkov et al. 2007 , Berezin et al. 2008 or HMA3 (Morel et al. 2009 ) in Arabidopsis. Sequestration of Cd into the vacuoles may also affect the distribution of Cd to the shoots. Lasat et al. ( 1996 Lasat et al. ( , 1998 reported that the hyperaccumulator Thlaspi caerulescens translocated a large amount of Zn from roots to shoots rapidly, whereas the non-accumulator Thlaspi arvense tended to store the metal in the root vacuoles, resulting in a low translocation of Zn from the roots to the shoots. Although we were not able to directly compare the Cd concentration in the root vacuoles between Anjana Dhan and Nipponbare due to diffi culties in isolating root vacuoles, analysis of the root cell sap including cytosol and vacuole showed a much lower Cd concentration in Anjana Dhan than in Nipponbare ( Fig. 6B ). This result suggests that more Cd is sequestered in the vacuoles in Nipponbare than in Anjana Dhan. Therefore, the high Cd distribution to the shoot in Anjana Dhan might result from less sequestration of Cd in the vacuoles.
The last step for Cd translocation is the release of Cd from root cells to the xylem. A P-type heavy-metal ATPase, HMA4, has been reported to be implicated in Cd xylem loading in Arabidopsis thaliana (Mills et al. 2003 , Hussain et al. 2004 , Verret et al. 2004 , Wong and Cobbett 2009 and in the hyperaccumulators Aribidopsis halleri (Talke et al. 2006 , Hanikenne et al. 2008 and T. caerulescens (Bernard et al. 2004 , Papoyan and Kochian 2004 , Parameswaran et al. 2007 ). Wong and Cobbett ( 2009 ) reported that HMA2 is also important for xylem loading of Cd in A. thaliana . It is still unknown whether homologs of HMA4 and/or HMA2 are also involved in xylem loading of Cd in rice, but HMA2 and HMA4 genes are localized in chromosomes 6 and 2, respectively, which are different from the QTL identifi ed here. Therefore, it is unlikely that these genes are responsible for high Cd accumulation in Anjana Dhan.
The higher concentration of Cd in the xylem sap of Anjana Dhan might be the result of a higher capacity of xylem loading and/or a lower sequestration of Cd in the vacuoles. Identifi cation of the responsible gene in future will give a clear answer to this issue.
Identifi cation of the QTL for Cd accumulation
In the present study, a novel major gene for Cd accumulation in the shoot was identifi ed on chromosome 7 ( Fig. 7A, B ) . This QTL is different from those reported previously, which are localized on chromosomes 3, 6 and 8 (Ishikawa et al. 2005 ) , chromosome 11 (Ueno et al. 2009 ) or chromosomes 4 and 11 (Kashiwagi et al. 2009 ). Xue et al. ( 2009 ) recently mapped a QTL for shoot Cd concentration also on chromosome 7 at the interval of RFLP markers RG528-RG769, but these are several Mb distant from the one identifi ed here at the interval of RM21238-RM7153 ( Fig. 7B, C ) . Many processes may be involved in the accumulation of Cd in shoots and grains. In addition to the processes occurring in the roots as discussed above, the transfer of Cd from xylem to phloem, translocation in phloem to rice grain and intervascular transfer at the nodes may also be important (Riesen and Feller 2005 , Yamaji and . Therefore, different QTLs may be responsible for different processes involved in Cd accumulation. In fact, parental cultivars used for mapping QTLs show different physiological characteristics. For example, Shwe War and Badari Dhan used for the detection of the QTL on chromosome 11, did not differ in root Cd uptake and root Cd accumulation (Ueno et al. 2009 ). However, Anjana Dhan and Nipponbare in the present study showed a large difference in root Cd uptake and root concentration ( Figs. 2-5 ) . It thus appears that cultivar differences in Cd accumulation may be attributed to different physiological traits. In addition, some QTLs detected may affect Cd accumulation indirectly. For example, Ishikawa et al. ( 2005 ) detected three QTLs associated with grain Cd accumulation, but two of them were highly associated with heading date QTLs.
Most importantly, the QTL detected in the present study had a large effect on Cd accumulation ( Fig. 7A ) , explaining 85.6 % of the phenotypic variance in F 2 population. To our knowledge, this is the largest QTL for Cd accumulation reported so far. Other QTLs reported only explained 7.9-16.1 % of phenotypic variations in progeny (Kashiwagi et al. 2009 , Ueno et al. 2009 , Xue et al. 2009 ). Furthermore, we defi ned the candidate genomic region of this QTL to <1.9 Mb. In this region, several putative metal transporterencoding genes, such as OsZIP8 (Os07g0232800), OsHMA3 (Os07g0232900) and OsNramp1 (Os07g0258400) are located. The ZIP family proteins have been characterized to be involved in heavy-metal uptake in some plant species (reviewed in Hall and Williams 2003 ) , including rice plant (Ramesh et al. 2003 , Nakanishi et al. 2006 , Ishimaru et al. 2005 . Yang et al. ( 2009 ) showed that the expression of OsZIP8 was up-regulated by Zn defi ciency, and complemented the growth of a Zn-defective yeast mutant, but they did not examine Cd transport activity. The function of OsHMA3 is unknown, but the closest homolog in A. thaliana , AtHMA3, has been shown to be localized to the tonoplast and to transport multiple metals (Cd, Zn, Co and Pb) from cytosol to vacuoles (Morel et al. 2009 ). Recently, Takahashi et al. ( 2009 ) reported that OsNramp1 was localized to the plasma membrane and transported both Cd and Fe. Further high-resolution mapping, sequencing of the candidate gene regions and complementation analysis will be required to identify whether these or other genes are responsible for the QTL identifi ed ( Fig. 7 ) . This gene will be useful for breeding both low-Cd-accumulating cultivars for food safety and highCd-accumulating cultivars for phytoextraction. 
Materials and Methods
Plant materials and growth conditions
Accumulation of Cd in different tissues under different conditions
The accumulation of Cd in different tissues was investigated using soil or solution culture under different conditions.
In the solution culture, seedlings (11 d old) of both Anjana Dhan and Nipponbare were exposed to a nutrient solution containing 50 nM Cd. The solution was renewed every 2 d. After 10 d, the shoots were harvested and analyzed for Cd and other minerals.
Both Anjana Dhan and Nipponbare were also cultivated in a paddy fi eld of the Research Institute for Bioresources, Okayama University as described previously (Tamai and Ma 2008 ) . The soil Cd extracted with 0.1 N HCl was 0.3 mg kg −1 soil. The seedlings were planted on June 20, 2007, and harvested on October 2, 2007. Straw, brown rice and hull were separated for the determination of Cd.
Cd accumulation in different tissues of the two cultivars was also compared in a pot experiment using a Cdcontaminated soil. Seedlings of Anjana Dhan or Nipponbare were grown in a 3.5-liter pot fi lled with 3 kg soil amended with Cd. The soil Cd extracted with 0.1 N HCl was 7.6 mg kg −1 soil. After 4 months' growth in a glasshouse, the plants were harvested and separated into straw, brown rice and hull for Cd determination as described below.
To investigate accumulation of other metals (Zn, Mn, Cu, Fe, K, Mg and Ca) in the shoots of both accessions, seedlings (11 d old) were exposed to 50 nM Cd for 10 d before the determination of metal concentrations.
Time-course and kinetic experiments
In a time-course experiment, the seedlings (13 d old) were transferred to a 3.5-liter pot containing the nutrient solution. After culture for a further 15 d, the seedlings were exposed to a solution containing 0.1 µM Cd. The shoots and roots were sampled at 0, 1, 2, 3 and 5 d, after washing with distilled water.
To investigate the kinetics of Cd accumulation, the seedlings (15 d old) were transferred to a 1.2-liter pot containing the nutrient solution. After culture for a further 18 d, the seedlings were exposed to uptake solutions containing various concentrations of Cd (0, 0.05, 0.1, 0.2, 0.5, 1, 2 and 5 µM). The treatment solutions were renewed at 24, 48 and 72 h after Cd exposure. After 78 h, the shoots and roots were harvested separately and subjected to Cd determination as described below.
Xylem sap collection
Seedlings exposed to 50 nM Cd for 78 h were decapitated and xylem sap was collected using a micropipette for 10 min. To avoid contamination of symplastic Cd from the section, the initial exudates (1-2 µl) were discarded. The Cd concentrations in the xylem saps were determined as described below.
Cd in cell wall and cell sap
Seedlings (6 d old) were exposed to 0.5 mM CaCl 2 (pH 5.4) containing 50 nM Cd at 25 ° C. After 24 h, the roots were briefl y washed with 0.5 mM CaCl 2 (pH 5.4) three times and then 4-cm segments were excised with a razor blade. The root segments (15 roots per sample) were quickly blotted dry with tissue paper, placed in a 0.22 µM fi lter unit (Ultrafreer-MC; Millipore, Billerica, MA, USA) with the cut ends facing down and centrifuged at 3000 × g for 10 min at 4 ° C to remove the apoplastic solution (Mitani and Ma 2005 ) . After centrifugation, root segments were frozen at −80 ° C for 2 h and then thawed at room temperature. The root cell sap was prepared from the frozen-thawed tissues by centrifugation at 10 000 × g for 10 min at 4 ° C. The cell wall fraction was prepared by washing the residues three times with 70 % ethanol followed by centrifugation at 10 000 × g for 10 min at 4 ° C (Ma et al. 1999 ) . One milliliter of 2 N HCl was added to the residues and allowed to stand for at least 24 h with occasion vortexing. The Cd concentrations in the root cell sap and cell wall were determined as described below.
Short-term Cd uptake by roots
Seedlings (21 d old) of Anjana Dhan and Nipponbare were exposed to an uptake solution containing various concentrations of Cd (0, 0.2, 0.5, 1, 2 and 5 µM) at 25 ° C and 2 ° C (ice-cooled) for 20 min (Ueno et al. 2009 ). The roots were washed with 5 mM CaCl 2 and 5 mM MES pH 5.4 and distilled water, harvested and then subjected to determination of Cd concentration.
QTL analysis and further defi nition of the candidate genomic region
Anjana Dhan was crossed with Nipponbare to produce F 1 plants, and an F 2 population was then generated from F 1 seeds. For measurement of Cd concentration, 2-week-old F 2 seedlings (177 in total) prepared as described above were transplanted to a 10-liter plastic container (48 plants per container). After 4 d, seedlings were exposed to 50 nM Cd (as CdSO 4 ) in a temperature-controlled greenhouse (30 ° C, 12 h day/22 ° C, 12 h night) under natural sunlight. The solutions were renewed every 2 d. After 10 d, the shoots were harvested for determination of Cd concentration. In the meantime, a portion of leaves from each line was also sampled for DNA extraction according to the method described by Komatsuda et al. ( 1998 ) .
To obtain informative SSR markers for the QTL analysis, we surveyed > 1412 SSR motifs (McCouch et al. 2002 , International Rice Genome Sequencing Project 2005 and the resultant informative 112 SSR markers were used for genotyping of F 2 plants.
Linkage order and genetic distances of SSR marker loci were calculated using MAPMAKER/Exp 3.0 (Lander et al. 1987 ) . QTL analyses were performed using composite interval mapping (CIM; Zeng 1993 , Zeng 1994 as implemented by the program Zmapqtl (model 6) of the software package QTL Cartographer version 2.5 ( http://statgen.ncsu.edu/ qtlcart/WQTLCart.htm ; see also Basten et al. 2005 ) . The CIM was run with a 10-cM window and fi ve background cofactors. Tests were performed at 2-cM intervals, and cofactors were selected via forward-backward stepwise regression using the program SRmapqtl. Genome-wide threshold values ( α = 0.05) for declaring the presence of QTLs were estimated from 1000 permutations Doerge 1994 , Doerge and Churchill 1996 ) . The confi dence interval for the QTL detected was defi ned by 2.0 LOD reduction from the peak position based on the CIM results.
To defi ne further a candidate genomic region for the QTL, we focused on F 2 plants with recombination in the vicinity of the QTL detected. Additional informative SSR markers near the QTL were selected from the list reported previously (International Rice Genome Sequencing Project 2005 ), in order to defi ne the position of recombination more fi nely. Comparison between the graphical genotype around the QTL region and the level of Cd accumulation (relative Cd accumulation % ) allowed defi nition of the candidate genomic region of the QTL.
Determination of Cd concentration and other metals
Plant samples were dried in an oven at 70 ° C and then digested by concentrated nitric acid (60 % ) up to 140 ° C. The concentrations of Cd, Zn, Mn, Cu, Ca, Mg, K and Fe in the digested solutions were determined by fl ame atomic absorption spectrometry (AAS; Hitachi Z-2000, Tokyo, Japan), after dilution with 0.1 N HNO 3 . The concentrations of Cd in the xylem sap, root cell sap and cell wall were determined by AAS in the fl ameless mode.
Modeling of metal speciation and statistical analysis
The concentrations of free Cd 2 + in the treatment solutions were calculated with Geochem-PC (Parker et al. 1995 ) . Statistical analyses of all data were performed using ANOVA.
Supplementary data
Supplementary data are available at PCP online. 
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